Aims: We aimed to clarify the associations of high-density lipoprotein cholesterol (HDL-C) subclasses with incident coronary heart disease (CHD) in two large primary prevention cohorts. Methods: We measured cholesterol at baseline from the two major HDL subfractions (larger, more buoyant HDL 2 and smaller, denser HDL 3 ) separated by density gradient ultracentrifugation in 4114 (mean age 53.8 years; 64% female) African American participants from the Jackson Heart Study and 818 (mean age 57.3 years, 52% female) predominantly Caucasian participants from the Framingham Offspring Cohort Study. Multivariable adjusted hazard ratios (HRs) for HDL-C and its subclasses were derived from Cox proportional hazards regression models to estimate associations with incident CHD events including myocardial infarction, CHD death, and revascularization. Analyses were performed for each cohort separately and as a combined population. Results: In models adjusted for cardiovascular risk factors for the combined population, HDL 3 -C (HR 0.76 per SD increase; 95% confidence interval (CI), 0.62-0.94; p ¼ 0.01), rather than HDL 2 -C (HR 0.88 per SD; 95% CI, 0.72-1.09; p ¼ 0.24) drove the inverse association of HDL-C (HR 0.79 per SD; 95% CI, 0.64-0.98; p ¼ 0.03) with CHD. Similar associations were seen in multivariable analyses within each cohort including after adjusting for apolipoprotein A1 in the Jackson Heart Study. Conclusion: Smaller, denser HDL 3 -C levels are primarily responsible for the inverse association between HDL-C and incident CHD in this diverse group of primary prevention subjects. These findings have important implications ranging from considerations of HDL biology to interpretations of clinical trials utilizing HDL-C therapeutics.
Introduction
Gofman's work in the mid-20 th century followed by the Framingham Heart Study confirmed the consistent, independent inverse association of cholesterol levels measured from high-density lipoprotein (HDL-C) with coronary heart disease (CHD) events. [1] [2] [3] As a result, guidelines incorporate HDL-C as a variable in CHD risk calculation. 4 A variety of post hoc analyses have suggested that raising HDL-C is associated with reductions in both cardiovascular events and atherosclerotic disease progression. [5] [6] [7] [8] However, recent large scale clinical trials evaluating therapies to raise HDL-C in those already on statin therapy have been discouraging. [9] [10] [11] [12] These recent data mandate a more nuanced analysis of the complex association between HDL and CHD. 13, 14 Underlying this complexity is the structural and functional heterogeneity of HDL. Investigations into the atheroprotective role of HDL have shown that in addition to ''reverse cholesterol transport'' there is evidence of anti-inflammatory, anti-oxidative, anti-apoptotic, anti-thrombotic, and endothelial function-enhancing properties. 15, 16 However, measures of HDL functionality are not clinically practical currently. Therefore, focus has shifted towards the HDL structure-function association given significant HDL heterogeneity and fluctuating metabolic functions secondary to differences in the proteome, lipidome, and microRNA content. [17] [18] [19] [20] [21] A practical classification separates larger, more buoyant HDL 2 from smaller, denser HDL 3 .
Previous studies examining the association of HDL subclasses with CHD have yielded conflicting results over whether HDL 2 -C or HDL 3 -C levels are the primary determinant of the inverse HDL-C association with CHD risk. [22] [23] [24] [25] As a result, questions remain over the clinical utility of these measurements. 26 Notably, previous studies evaluating HDL 2 -C and HDL 3 -C were conducted in largely Caucasian and male populations.
We sought to evaluate the association of HDL-C subclasses with risk for incident CHD in African American men and women from the Jackson Heart Study (JHS) and in a subset of men and women from the predominantly Caucasian Framingham Offspring Cohort Study (FOCS).
Methods
The present study reports results of the HDL-C analysis from the two primary prevention cohorts within the Lipoprotein Investigators Collaborative (LIC). The LIC is described in the online Supplementary Material.
Study populations
The design and methods for the JHS have been described. 27 Data and samples were collected from 5301 African American adults from the Jackson, Mississippi region with a primary objective to investigate the causes of cardiovascular disease in African Americans. Using fasting samples from the baseline visit in 2000-2004, lipoprotein cholesterol subfractions obtained by density gradient ultracentrifugation (VAP test, Atherotech, Birmingham, AL) and apolipoproteins A1 (apoA1) and B (apoB) were available in 4722 participants. We excluded 464 participants for missing variables of interest and another 144 participants who reported prevalent CHD. The primary analysis was performed in 4114 participants followed during 2000-2008 for incident CHD. Multiple imputation under a missing-at-random assumption confirmed robust results regardless of exclusions.
The design and methods of the FOCS have been described. 28 The FOCS is a longitudinal study initiated in 1971 with 5135 Framingham Heart Study cohort offspring and offsprings' spouses who were continuously followed for the development of CHD. As part of an exploratory analysis, we evaluated stored serum specimens from the sixth examination (1996-1997) of 818 randomly-selected FOCS participants who were followed for incident CHD over the subsequent eight years.
CHD was a composite of myocardial infarction (MI), coronary death, and revascularization (surgical bypass and percutaneous intervention). Events were obtained through a combination of active and passive ascertainment with adjudication by independent reviewers as previously described. 27, 29 
Measurement of lipoproteins
Frozen (À70 C) serum specimens from JHS and FOCS were sent to the testing laboratory (Atherotech, Birmingham, AL) on dry ice by overnight express and kept frozen at À70 C until analysis. We measured cholesterol from the two major HDL subfractions (larger, more buoyant HDL 2 and smaller, denser HDL 3 ) and traditional lipid panel parameters (total cholesterol (TC), HDL-C, low-density lipoprotein cholesterol (LDL-C), very low-density lipoprotein cholesterol (VLDL-C)) separated by single vertical spin density gradient ultracentrifugation (Vertical Auto Profile (VAP) procedure) as detailed previously and in the online Supplementary Material. 30 In the JHS, apoA1 and apoB were measured in the same laboratory by immunoassay (Abbott Architect/ C8000); however, apoA1 and apoB were not available for the FOCS.
Statistical analyses
Across both cohorts, between those with and those without incident CHD, categorical variables were compared using Fisher exact or chi-square testing where appropriate. Continuous variables were reported as means with standard deviations or medians with 25 th and 75 th percentiles and compared by Student's t-test or Kruskal-Wallis where appropriate. Restricted cubic spline curves adjusted for age, sex, BMI, smoking, systolic blood pressure (SBP) and diastolic blood pressure (DBP), lipid-altering medications, and diabetes were created to assess linearity assumptions.
We estimated hazard ratios (HRs) of HDL-C, HDL 2 -C, and HDL 3 -C for CHD using pre-specified multivariable-adjusted Cox proportional hazards models. In the JHS, all covariate results were from the baseline examination. Model 1 was adjusted for age, sex, BMI, smoking, SBP, DBP, lipid-altering medications, and diabetes; Model 2 included Model 1 adjustors and apoA1; Model 3 included Model 1 adjustors þ apoA1 and apoB; and Model 4 was adjusted for Model 1 adjustors þ non-HDL-C.
In the FOCS, all covariate values were from the sixth examination. Similar to JHS, Model 1 was adjusted for age, sex, BMI, smoking, SBP, DBP, lipid-altering medications and diabetes. Model 2 was based on the 2008 Framingham risk factors including age, sex, SBP, antihypertensive medications, smoking, and diabetes. 29 Model 3 included Model 2 variables, but substituted diagnosed hypertension for antihypertensive medications. Similar to JHS, Model 4 included Model 1 adjustors þ non-HDL-C.
For Model 1 and Model 4 above, homogeneity between each JHS and FOCS Cox regression coefficient was assessed by the Q-statistic. After verifying homogeneity (p > 0.25), a fixed-effect meta-analysis on the Cox coefficients was conducted to assess the overall effect of HDL-C subclasses on CHD.
Forest plots were created to visualize HRs and twosided 95% confidence intervals (CIs) for a one standard deviation increase in each of the HDL variables for each study individually and for the meta-analysis.
Statistical analyses were coordinated across centers within the LIC study group using SAS V.9.3 (Cary, NC) and Stata V.13.1 (College Station, TX). All p-values are two-sided using an alpha of 0.05.
Results

Baseline characteristics
The baseline characteristics and lipids for each population are shown in Table 1 
. The online Supplementary
Material includes an analysis of JHS participants including those with prevalent CHD (n ¼ 4258).
CHD events
In the 4114 participants from the JHS, there were 112 CHD events over a median follow-up of 5.7 years consisting of 21 CHD deaths, 63 MIs, and 28 revascularizations. In this sample of 818 participants from the FOCS, there were 34 events over a median follow-up of 8.0 years, including one CHD death, 18 MIs, and 15 revascularizations.
Association of HDL-C subclasses with CHD in JHS
In JHS, comparing unadjusted baseline characteristics ( Table 2) , those with CHD events were older with a lower BMI, had a higher SBP, lower DBP, higher prevalence of diabetes and higher use of lipid-lowering medications. Comparing unadjusted baseline lipids ( Table 2) , those with CHD events had lower HDL 3 -C and higher apoB levels, with no significant difference in HDL-C or HDL 2 -C.
Formal tests of linearity supported a linear association of HDL subclasses with CHD risk in each study. Spline curves in the JHS (online Supplementary Material, Figure 1 (a)) demonstrate the overall trend of an inverse linear association of HDL-C and significant inverse linear association of HDL 3 -C with CHD. Forest plots are shown in Figure 1 (a). In Model 1, the trend towards an inverse association of HDL-C with CHD (p ¼ 0.13) was driven by the significant associations of HDL 3 -C with less CHD (p ¼ 0.04), while HDL 2 -C was not associated with CHD (p ¼ 0.61). When adjusting for apoA1 (Model 2), HDL 3 -C remained significantly associated with less CHD (p ¼ 0.04), while associations of total HDL-C and HDL 2 -C with CHD were not significant (p ! 0.38). When accounting for apoB (Model 3), the HDL 3 -C association with CHD was attenuated (p ¼ 0.10). Finally, substituting non-HDL-C for apolipoproteins in Model 4, HDL 3 -C (p ¼ 0.04) accounted for the trend towards an inverse association of HDL-C with CHD events (p ¼ 0.11).
Association of HDL-C subclasses with CHD in FOCS
Comparing unadjusted baseline characteristics in the FOCS (Table 2) , those with CHD were older, had higher proportions of males and diabetes, higher waist circumference, higher SBP, and higher use of lipid-lowering medications. Comparing baseline lipids, those with CHD had lower HDL 2 -C, lower HDL 3 -C, and higher LDL-C, non-HDL-C, and TC/HDL-C ratio.
Spline curves in the FOCS (online Supplementary
Material, Figure 1 (a)) demonstrate the overall trend of an inverse linear association of HDL-C and both subclasses with CHD. Forest plots of HRs ( Figure  1(b) ) from the various multivariable-adjusted models show an inverse association between one standard deviation increase in HDL 3 -C and CHD (p ¼ 0.05). The association was consistent across models, but lost significance when adjusting for non-HDL-C in Model 4 (p ¼ 0.10). When adjusting for Framingham variables in Model 2, HDL 2 -C was also inversely associated with CHD (p ¼ 0.01). 
Meta-analysis
Sensitivity analyses
Notably, there was no significant interaction across gender in any of the models. Furthermore, there was no difference in the associations of HDL subclasses with risk when considering only hard CHD events (MI and cardiac death).
Discussion
We found the denser HDL 3 -C subclass to be the major determinant of the inverse association between HDL-C and incident CHD in a diverse primary prevention population. In the largest cohort study of African Americans to our knowledge, HDL 2 -C is not associated with CHD. Furthermore, these HDL-C subclass associations with CHD were independent of the major structural HDL lipoprotein, apoA1, in the JHS.
Prospective studies examining HDL-C subclasses
Previous prospective studies have generated conflicting results regarding the degree to which HDL 2 -C and HDL 3 -C contribute to the inverse association of HDL-C with CHD events. Initial studies in the 1960s suggested that incident CHD was inversely associated with both HDL 2 -C and HDL 3 -C in unadjusted analyses. 1 In the Physician's Health Study and Caerphilly and Speedwell Collaborative Heart Disease studies there were inverse associations of both HDL 2 -C and HDL 3 -C with CHD, with a suggestion of stronger HR for HDL 3 -C. 24, 25 In contrast, other prospective studies have suggested only HDL 2 -C as the main inverse predictor of CHD risk. In the Kuopio Ischemic Heart Disease Risk Factor Study, HDL-C and HDL 2 -C levels were inversely associated with risk of MI while HDL 3 -C did not maintain a significant association when adjusted for HDL 2 -C. 22 Similarly, in the prospective Quebec Cardiovascular Study, HDL 2 -C remained statistically significant in the multivariable model while HDL 3 -C did not. 23 The present study populations differ from previous prospective analyses of HDL 2 -C and HDL 3 -C in two important ways: the entirely African American demographic of the JHS cohort and the inclusion of women, both groups that have been significantly underrepresented in lipid research. 31 This increase in diversity allowed for examination of a wide range of HDL-C, HDL 2 -C, and HDL 3 -C values. Additionally, the VAP method of ultracentrifugation was unique to the present study, providing greater consistency for comparison of results between the two study cohorts. Given these differences from prior studies, our findings show that, amongst men and women of African American ethnicity, HDL 3 -C is the main inverse predictor of HDL-associated risk. Interestingly, contrary to findings in Caucasian populations, there is no association of HDL 2 -C levels with CHD in African Americans from the JHS. Our findings from the FOCS complement those from previous studies of Caucasian populations in that both HDL 2 -C and HDL 3 -C are inversely associated with risk, with stronger associations with HDL 3 -C, though the association is attenuated when adjusting for non-HDL-C. We found similar results in the LIC secondary prevention studies, also based on the VAP method. 32 The major difference between the JHS and FOCS populations was the mild association of HDL 2 -C with decreased cardiovascular risk in only the FOCS sample, consistent with prior findings in Caucasian populations. The differences between the HDL 2 -C findings in JHS and FOCS may be due to known genetic polymorphisms in hepatic lipase activity, which specifically affect HDL 2 and not HDL 3 in African Americans. 33, 34 Also, the mean age of the JHS population was significantly younger than that of the FOCS, possibly leading to an underestimation of the impact of HDL-C and its subfractions on event rates. Nevertheless, the consistent finding across both cohorts is that HDL 3 -C is the chief determinant of the inverse HDL-C association with CHD with similar effect-sizes in both cohorts.
Atheroprotective biological considerations of HDL
While evidence of anti-inflammatory, anti-oxidant, anti-apoptotic, anti-thrombotic, and endothelial function-enhancing properties is growing, the role of HDL in reverse cholesterol transport remains a major focus of interest. HDL refers to a heterogeneous group of particles with fluctuating lipid and proteomic cargo. The biological complexities of the reverse cholesterol transport system suggest that a simple ''snapshot'' of cholesterol content within HDL species at one time point may be an inadequate surrogate for gauging reverse cholesterol transport efficiency. 19 Nonetheless, our results suggest that higher cholesterol levels within the denser HDL 3 particles may represent a more proficient reverse cholesterol transport system. Elevated HDL 2 -C may represent a saturated system that is not being efficiently offloaded, and is limited in further uptake of peripheral cholesterol.
Alternatively, proteomic analyses show distinct proteins affiliated with each HDL subclass, suggesting a mechanistic basis for the variety of putative atheroprotective functions attributed to HDL beyond reverse cholesterol transport. 17, 18, 20, 21 Our results are supported by recent data suggesting the potential for more atheroprotective HDL species within the broad HDL 3 subclass. 35 Further investigation into these complexities of HDL is necessary.
Effects of HDL therapies on subclasses
The epidemiological associations of HDL-C with CHD make it an attractive target for therapies to improve cardiovascular outcomes beyond the standard approach of apoB reduction with statin therapy. However, recent secondary prevention trials of niacin and cholesterol-ester transport protein (CETP) inhibitors added to statin therapy have been disappointing. [9] [10] [11] [12] Our findings emphasize the importance of HDL 3 -C levels and may provide insight into the negative results of these trials. Niacin and CETP inhibitors are effective therapies for raising total HDL-C; however, both therapies raise HDL 2 -C more so than HDL 3 -C. 36, 37 This suggests a saturation of HDL particles via alternative mechanisms, without necessarily increasing reverse cholesterol transport throughput. Alternatively, fibrates have been shown to raise HDL 3 -C more so than HDL 2 -C, though it remains uncertain whether fibrates reduce CHD risk in those on statin therapy. [38] [39] [40] As trials of HDL-C altering therapies continue, HDL subclass analysis may provide further insights into the results.
Limitations
Our study has several limitations. First, the JHS is limited to one ethnic group in one geographic location, though this allowed for the largest analysis of HDL subclasses in African Americans, to our knowledge. Furthermore, the results were verified using the same measurement methodology in the predominantly Caucasian population from the FOCS.
Additionally, there are a variety of HDL subclassification methods with each providing differing resultant profiles with possible overlap across HDL subclasses. While we employed a validated method, whether the methodology used in prior studies provided comparable separation of HDL species is unclear. For example, a recent Women's Health Study analysis found no association of smaller HDL particles with incident CHD. 41 This apparent contrast with our findings highlights the possible heterogeneity within HDL measurement techniques.
Additionally, cross-sectional laboratory measurements may not reflect the accumulated lifetime exposure to risk factors or the efficiency of reverse cholesterol transport. Finally, the associations between HDL-C subclasses and functionality are unclear.
Conclusion
In summary, we found that HDL 3 -C levels were primarily responsible for the inverse association between HDL-C and incident CHD. Particularly noteworthy is that this finding was based on the first examination of this association in a large cohort of African American men and women and was consistent in a subset of predominantly Caucasian men and women from the FOCS. Further insight into potential biological . Hazard ratios (HR) of HDL-C, HDL2-C and HDL3-C for coronary heart disease events in meta-analysis of the Jackson Heart and Framingham Offspring Cohort studies. HRs are point estimates (95% confidence intervals) per SD increase in cholesterol. HR: hazard ratio; HDL-C: high-density lipoprotein cholesterol; SBP: systolic blood pressure; DBP: diastolic blood pressure mechanisms for the protective role of HDL may be gained by focusing on the HDL 3 density subclass. Similar HDL-C subclassification could be useful in evaluations of results from recent and future trials of therapies directed at HDL-C.
